We provide an overview of the flow dynamics of highly viscous miscible liquids in microfluidic geometries. We focus on the lubricated transport of high-viscosity fluids interacting with less viscous fluids, and we review methods for producing and manipulating single and multiple core-annular flows, i.e. viscous threads, in compact and plane microgeometries. In diverging slit microchannels, a thread's buckling instabilities can be employed for generating ordered and disordered miscible microstructures, as well as for partially blending low-and high-viscosity materials. The shear-induced destabilization of a thread that flows off-center in a square microchannel is examined as a means for continuously producing miscible dispersions. We show original compound threads and viscous dendrites that are generated using three fluids, each of which has a large viscosity contrast with the others. Thread motions in zones of microchannel extensions are examined in both miscible and immiscible environments. We demonstrate that high-viscosity fluid threads in weakly diffusive microfluidic systems correspond to the viscous primary flow and can be used as a starting point for studying and understanding the destabilizing effects of interfacial tension as well as diffusion. Characteristic of lubricated transport, threads facilitate the transport of very viscous materials in small fluidic passages, while mitigating dissipation. Threads are also potentially promising for soft material synthesis and diagnostics with independent control of the thread specific surface and residence time in micro-flow reactors.
3 Figure 1 . Evolution of the core maximal velocity U 1 normalized by the annulus maximal velocity U 2 versus viscosity contrast χ for dimensionless core radius c = (1) 0.25, (2) 0.50 and (3) 0.75. In region (a), the parabolic velocity profile in the core is typical of a jet (inset: velocity profile for χ = 10 −1 and c = 0.5). In region (b), the uniform velocity profile in the core is typical of a thread (inset: velocity profile for χ = 15, c = 0.5).
demonstrate the formation of compound threads and viscous dendrites. Finally, we compare the morphology of miscible and immiscible high-viscosity threads in microchannel extensions.
Core-annular flows
'Threads' are typically referred to as extruded fluid streams that have a core moving in solid-like motion, and 'jets' as fluid streams that move faster than the surrounding fluid into which they are injected. For the case of a core-annular flow in a circular tube of radius R, jets and threads can be distinguished based on the viscosity ratio between the core (liquid L1) and the annulus (liquid L2): χ = η 1 /η 2 . The velocity profile for the basic flow can be directly calculated from the Stokes equations [6, 13] and expressed in dimensionless form according to:
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where the radial coordinate r and the core radius c are normalized by R, and u i = V i (4η 2 )/[(∇ P)R 2 ] is the dimensionless velocity in region i, ∇ P is the pressure gradient, and V i is the velocity in region i. Figure 1 shows the evolution of the maximum velocity ratio U 1 /U 2 , with U 1 = u 1 (r = 0) and U 2 = u 2 (r = c), between the core and the annulus versus χ for three core radii c = 0.25, 0.5 and 0.75. The regime for large χ corresponds to a thread having a uniform velocity profile, i.e. U 1 ≈ U 2 , and the regime for small χ corresponds to a jet having a parabolic velocity profile, i.e. U 1 > U 2 . Although the transition is smooth, the data suggest a cut-off value around χ ≈ 15. The velocity gradient at the interface of the thread and annulus Evolution of core diameter ε/ h versus flow rate ratio ϕ for a thread in plug flow in a square microchannel. Inset: cross-sectional contour plot of a set of iso-velocity contours in a square duct calculated using Fourier analysis.
is smoother than for the case of a jet, which strongly affects the stability of the core in both miscible [6, 30] and immiscible [31, 32] environments.
The relationship between c and the flow rate ratio ϕ = Q 1 /Q 2 of each liquid is calculated by integrating equation (1) across the area of each region, yielding:
In the regime associated with small threads c 1 and large viscosity ratios χ 1, a simple scaling for the thread can be made: c ∼ (ϕ/2) 1/2 . Although this analysis is only valid for a circular tube, it gives a simple estimate for the behavior of core annular flows as a function of the viscosity contrast. For the case of a square microchannel of width h, the relationship between the thread diameter ε and ϕ can be computed numerically using the contour plot of the velocity field in a square duct [33] assuming a core in plug flow (figure 2). Using ε/ h = c for comparing circular and square cross sections, data show that the relationship between ε/ h and ϕ is essentially the same for both tubes when χ 1 and scales as ε/ h ∼ (ϕ/2) 1/2 for small threads.
The main result from this analysis in the asymptotic regime reveals that a core can be transported within a less viscous annulus, independent of absolute viscosities, provided χ >15. This simple property offers significant advantages for manipulating high-viscosity materials at small scales. The behavior of weakly diffusive threads in simple microgeometries is of both practical and fundamental interest because it corresponds to the basic viscous primary flow and provides a basis for comparing the modifying effects of molecular diffusion or interfacial tension. Weakly diffusive regimes are readily accessible experimentally; high-viscosity liquid pairs generally have a small molecular diffusion coefficients D, so Péclet numbers Pe = U 1 h/D are large, i.e. Pe>10 3 . In the following, we present an overview of our investigations on high-viscosity threads in weakly diffusive microfluidic systems. 
Thread formation
To experimentally study high-viscosity threads, we fabricate hard microfluidic modules using glass and silicon. Microchannel designs are lithographically patterned onto a double-sided polished silicon wafer (h = 100 µm) that is etched-through using deep reactive ion etching. Each side of the silicon slab is then anodically bonded to a piece of glass, providing a glass/silicon/glass sandwich structure that can sustain high-pressure and is chemically resistant. Since the microchannel's sidewalls are made of silicon and the top and bottom walls are made of glass, these devices are transparent normal to the flow direction. To visualize flows, a fiber light is placed on one side of the module and a high-speed camera equipped with a high magnification lens is located on the opposite side. We use syringe-pumps to infuse conventional polydimethylsiloxane (PDMS) oils (i.e. silicone oils), having a wide range of viscosities between 0.5 and 4865 cP, into the devices. These silicone oils are fully miscible since they differ only in molecular weight.
Threads can be readily produced using a symmetric hydrodynamic focusing section, which consists of four microchannels with square-cross sections of identical width h that intersect at right angles ( figure 3(a) ). The more viscous liquid 1 (L1), having viscosity η 1 , is introduced into the inlet channel at the volumetric flow rate Q 1 , and the less viscous liquid (L2), having a viscosity η 2 , is introduced at the inlet of the two side channels with a total flow rate Q 2 . In the weakly diffusive regime, when χ = η 1 /η 2 15 and ϕ = Q 1 /Q 2 < 0.8, L2 wraps around L1 in the outlet channel and L1 forms a high-viscosity thread that fully detaches from the edge of the walls (figures 3(b) and (c)). The optical signature of the thread encapsulation by L2 is given by the presence of steady-state miscible contact lines on the glass substrate. As ϕ increases, the morphology of miscible contact lines evolves toward a curved 'V' pointing toward the flow direction. We found previously that the thread diameter ε/ h was independent of χ and followed ε/ h ∼ ϕ 0.6 [34] . Using the same geometry, we have also measured the thread diameter of capillary threads [31] and found good agreement with the expected behavior ε/ h ∼ (ϕ/2) 1/2 . Since, over the range of diameters experimentally measured, the discrepancy between these laws only arises for large threads ε/ h > 0.5, we suspect that diffusive effects, which can smear out the boundary regions, may have played a small role in the measurements for large threads. Overall, compact hydrodynamic focusing into a square microchannel provides an efficient way to produce high-viscosity threads in both miscible and immiscible environments. Lubricated transport of high-viscosity fluids is characteristic of compact channels, such as circular or square ducts. In plane geometries, however, highly viscous fluids are more likely to contact top and bottom walls, with significant dissipation resulting. Using a similar injection scheme, we have investigated hydrodynamic focusing into a plane microchannel [35] having a large aspect ratio w/ h = 20, where w and h were the width and height of the channel, respectively (figure 4(a)). Using the Hele-Shaw approximation, the relationship between the bulk velocities of L1 and L2 can be estimated as U 1 = U 2 /χ , so the more viscous central stream has a much lower velocity than the less viscous side flows (figure 4(b)). Experimentally, the width of the central strip ε is in good agreement with ε/w = [1 + (χϕ)
−1 ] −1 for large widths ε > 2 h. For thin widths, ε < 2 h, viscous encapsulation effects become significant and the previous expression overestimates ε. We also investigate the influence of a constriction of width w c = 2 h on the path of a viscous layered flow and observe that a thread could be formed in the constriction below a critical flow rate ratio ϕ c ( figure 4(c) ). Interestingly, in the diverging channel region, downstream from the constriction, the newly formed thread experiences a viscous buckling instability [35] .
Folding and coiling
Diverging slit microchannels form a group of simple microfluidic designs that provide a transition zone between compact and planar (i.e. quasi-two-dimensional) geometries. These channels are ideal for producing multi-fluid buckling instabilities. Slender viscous structures, when considered over short intervals of time, can exhibit dynamic responses to stress reminiscent of elastic solids. For the flows that we study, a characteristic convective time scale t is set by the flow of L2 such that t ∼ 1/γ 2 , where γ 2 is the shear rate of L2. Applying shear stress continuity at the thread boundary simply yields γ 1 = γ 2 /χ , where γ 1 is the shear rate of L1. Hence, the thread-flow time scale t 1 ∼ 1/γ 1 ∼ χt is much larger than the convective time scale. In other words, the thread transported in the fast flow field of L2 'does not have enough time to flow', and, as a result, can effectively behave as an amorphous solid. In the control volume of the diverging channel, the thread primarily bends and coils while conserving mass rather than simply dilating by enlarging its core diameter. This buckling due to deceleration of the core is similar to the buckling that occurs when viscida decelerate as they impinge into a solid surface.
Microfluidic viscous buckling morphologies are remarkably diverse and depend on many parameters, including the thread diameter ε, diverging channel angle α, viscosity contrast χ, initial thread confinement, thread velocity U 1 , and diffusion coefficient D. Figure 5 displays typical microstructures for weakly diffusive threads. Large threads are mainly restricted to fold in two-dimensions, whereas smaller threads can experience both folding and coiling in threedimensions. In long diverging channels, the deformed structure of L1 eventually makes contact with the top and bottom glass walls and forms a pile downstream. In this situation, the peak amplitude defines a nearly parabolic envelope that becomes wider as α and/or ε increase. The folding oscillation frequency f measured at the end of the square channel is directly proportional to the characteristic shear rate of L2, γ 2 ∼ U 2 /(h/2), and we find f ∼ γ 2 /4, which shows a strong dependence on Q 2 and a weak dependence on Q 1 [34] .
The diversity and complexity of these patterns arise in part as a result of the dynamics of the fast lubricated thread impinging on and feeding the slowly convected pile; the thread's velocity is U 1 ≈ U 2 while the pile's velocity is typically on the order of U 2 /χ , according to studies of layered flows in the plane geometries [35] . Complex transient morphologies, such as subfolding, on the period-doubling path to chaotic deposition into the pile are also observed [34] . Subfolding is characterized by periodic alternation of folds in branches (figures 5(b)-(d)) and we show here that this phenomenon can also occur when the thread is coiling ( figure 5(f) ). The coiling configuration produces a pile morphology that is strongly heterogeneous in viscosity since L2 is directly injected through the coiling tube into the pile. Another structure of interest, which we label secondary folding (figures 5(i)-(m)), corresponds to a low frequency oscillation f s of the pile or lubricated thread, such as when f s / f < 10 −1 . Overall, the large increase of interfacial area during folding and coiling instability makes it a model system for further investigating partial mixing between low-and high-viscosity components.
Viscous swirls
The possibility of breaking up high-viscosity threads into discrete elements in continuous flow regimes offers an innovative means for structuring and mixing microflows. Exploiting microfluidic laminar flow properties, the position of a thread inside a square microchannel can be adjusted. Single and multiple threads, which flow off-center in a square microchannel, can be generated using a different injection scheme [36] . For instance, here, we show that a small single thread can be made off-center from the channel by asymmetrical side-channel injection of L2 with Q 3 > Q 2 > Q 1 ( figure 6(a) ). Off-center threads are found to assume 9 an ellipsoidal cross-sectional area. Downstream, we observe sinuous perturbations having a characteristic wavelength λ in the direction transverse to the flow ( figure 6(b) ). We interpret these perturbations as the result of the competition between the viscous torque, due to the difference in drag on each side of a thread in the quasi-parabolic flow of L2, and its dynamic viscous bending resistance. Balancing the moments at the onset of the instability, we have developed a simple relationship for the slenderness ratio of the undulations, λ/ε ≈ Cχ/(1 − 2a/ h), where C = 4.7 × 10 −2 is a geometrical constant and a is the closest distance to the sidewalls. For the case of two co-flowing threads [36] , this functional relationship yielded good agreement with experimental data for C exp ≈ 2.8 × 10 −2 and χ = 83. Eventually, undulations amplify and threads breakup into linear arrangements of discrete viscous swirls, miscible equivalents of droplets. Nascent swirls grow on the sinuous thread by collecting the highviscosity liquid into central bulbs and depleting the regions in between them, which thin and are reminiscent of tails. Tails, eventually, become so thin they blend into the surrounding fluid, thereby separating neighboring swirls. After detaching from one another, swirls gain angular momentum and rotate, as expected for objects in a shear field ( figure 6(c) ). This intriguing shearinduced breakup of high-viscosity threads demonstrates the possibility of generating discrete diffusive elements at the microscale using continuous flows.
Compound threads and dendrites
Motivated by the concept of multiple-viscosity flow-segregation processes, we explore several novel flow configurations using several symmetrical cross-flow injection schemes. Liquids are now indexed symmetrically from the center of the channel outward depending on their respective injection points, i.e. L1 is the core fluid, L2 is the intermediate fluid, and the last liquid is at the sidewalls. Using two different oils, we have demonstrated the possibility of forming and coupling two nearby threads in a diverging channel [36] . The same behavior is observed with three threads in a spider-shaped junction ( figure 7(a) ).
We investigate multi-fluid flow with three different oils, which we label V (viscous), M (medium), and F (fluid), having the viscosity contrasts: η V /η M > 15 and η M /η F > 15. By permuting the injection points of these fluids using a tri-symmetrical injection scheme, we obtain six basic configurations. In order to form structures lubricated from the walls, however, one needs to require that η 2 /η 3 > 15, which restricts us to three configurations of liquids (L1, L2, L3) that we label VMF, MVF and FVM. The configuration VMF leads to the formation of compound threads that can fold into a folding envelope (figures 7(b) and (c)). The morphology depends strongly on the flow rates. The configuration MVF produces a thread with a 'soft core', i.e. a core that can flow faster than the edge of the compound jet but slower than the external fluid. As a result, the core partially tempers buckling instabilities (figures 7(d) and (e)).
The last configuration, FVM, is of particular interest since it produces viscous dendrites. Since the less viscous oil is at the center (i.e. L1 = F) two asymmetrical threads of V form on each side of F and are surrounded by M. As a result, each thread folds asymmetrically in F and M, yielding intricate and meandering flows reminiscent of fin-shaped dendrite structures that grow as the flow proceeds downstream ( figure 8) . Here, the structure has a 'fluid core' that can flow faster than both the edges (V) and the surrounding fluid (M), so it strongly reduces or inhibits buckling instabilities in the center of the structure. The growth of viscous dendrites in a direction transverse to the main flow is an example of miscible displacement related to the classic Saffman-Taylor fingering instability. The layered structures that we observe suggest 
similarities with large-scale geophysical processes that can involve molten rock, such as the folding of viscous layers [37] and lava flows [38] .
Viscous encapsulation processes are promising for producing complex shell structures and multiple core-annular flows from basic hydrodynamic focusing geometries. This method for producing complex miscible flow patterns is comparable to the formation of multiple-emulsions using coaxial assemblies of capillary tubes [39] , which in that particular case facilitate the formation of immiscible core-annular flows at small viscosity contrasts. Our study, which emphasizes large viscosity contrasts, suggests that complex dispersions can be formed using multiple immiscible core-annular flows in simple microfluidic networks.
Microfluidic extensional flows
Integrated microfluidics require the use of innovative device geometries, in which flow phenomena can be produced in precise and compact locations. Extensional flows produced by (20, 10, 25) . (c) η 1 = 0.82, η 2 = 500, η 3 = 6; (Q 1 , Q 2 , Q 3 ) = (50, 2, 10), (25, 3, 10) , (30, 9, 30) . diverging and converging microchannel geometries are advantageous because they can facilitate the direct comparison between fluid physicochemical properties and flow morphologies in a single field of view. We investigate thread motion in diamond-shaped diverging-converging slit microchannels connected by straight square microchannels ( figure 9(a) ). Using both miscible and immiscible fluids, we provided a direct visual comparison between the effects of diffusion or interfacial tension on the buckled structure of threads as they traverse the extension [40] . Here, figures 9(b) and (c) display related structures of threads made of high-viscosity silicone oil (η 1 = 4865 cP) in a miscible environment for a large Péclet number and in an immiscible environment for a large capillary number. These morphologies are characteristically seen when a thin film of L2 exists between the threads and the walls. Indeed, given the small thread diameters and the relatively small distance d between the extension's inlet and outlet, threads do not pile up against the top and bottom walls. For the immiscible case, the regular array of folds appears more rounded and fewer folds form due to the significant role of interfacial tension, which tends to reduce the interfacial area. In this pattern formation study, we have used primarily aquatic animal names to label the rich variety of flow morphologies in the diamond divergingconverging channel, yielding an 'aquarium' [40] . This diverging-converging extensional flow geometry offers the possibility to precisely investigate the condition for pile formation using rates of injection as control parameters. At the onset of lubrication failure, the thin film of L2 between the thread and the wall can either partially mix with L1 or be squeezed out from the pile in the miscible case. In contrast, for immiscible fluids, the film can rupture by nucleation of dewetting patches. This 'mirror geometry' design for a microfluidic cell could also potentially be useful for investigating the reversibility of low Reynolds number flows [41] with fluid-fluid interfaces and its implication for the nearly symmetrical thread deformations in the diverging and in the converging sections. Our exploration of these effects in conjunction with viscous buckling merely hints at the vast range of microstructured flows that can be formed using this simple geometry.
Conclusion
In this paper, we have reviewed and presented a wide variety of original flow effects that surround the formation and stability of high-viscosity fluid threads in the weakly diffusive regime using basic microfluidic geometries. Characteristic of lubricated transport, threads facilitate the transport of very viscous material in small fluidic passages while mitigating dissipation. Threads are also promising for soft material synthesis and diagnostics, since the relationship between diameter and flow rate ratio permits, in principle, the independent control of the thread's specific surface and residence time in micro-flow reactors. In addition, the thread's configuration in the weakly diffusive regime is equivalent to the two-fluid primary flow problem, and this can serve as a reference point for further studying the impact of destabilizing effects of diffusion between miscible fluids or interfacial tension between immiscible fluids. We have demonstrated a wide range of buckling phenomena that can be used for partially blending low-and high-viscosity constituents as well as for generating novel miscible dispersions. Injecting three fluids having large differences in viscosities into two cross-channels in series, we have revealed a host of intriguing multi-fluid arrangements. A powerful advantage of microfluidic manipulation of miscible flows is the possibility to explore flows without a typifying length-scale. This situation is clearly different from immiscible flows, where surface tension prohibits any scaling above the capillary length, typically a few millimeters. By contrast, with miscible flows, applying known scaling approaches can potentially extend the relevance of our observations up to the macroscopic scale, and these flows suggest that geological processes could potentially be investigated using microfluidics of steadily injected viscous materials without unwanted complications introduced by gravitational acceleration and volumes of materials at larger scales. On a much smaller scale, flows of threads in microchannel extensional slit geometries offer a preview of interesting possibilities for manipulating thin films and producing forced wetting phenomena in new configurations. In addition to scaling analysis, more thorough theoretical and numerical analyses, including convection-diffusion treatments, would provide significant insights into the emergence of these complex viscous patterns yet produced by laminar flows with steady state upstream conditions. Finally, this study offers a promising means for further controlling rheological and structural properties of multi-component materials at small scales and for manipulating highly viscous biological and industrial fluids in future applications.
